The thermodynamic equilibrium constants are defined as:
where [BH2 2+ ], [BH + ], and [B] represent the concentration of the fully deprotonated, protonated, and neutral solute respectively; γ and a represent activity coefficient and activity, respectively. The effective mobility can be expressed as: 27 µeff = α1µBH + + α2µBH 2 2+ (6) where µBH + and µBH 2 2+ are the solute mobilities of BH + and BH2 2+ , respectively; α1 and α2 are the dissociation degrees of BH + and BH2 2+ in solution, respectively, and they are defined as:
From Eqs. (4) - (8) , the following equation can be obtained: (9) When the second order dissociation can be neglected at high pH, a binary base is treated as a monobase, then Eq. (9) can be simplified as: (10) Equation (10) can also be rewritten in a linear expression:
The activity coefficients were obtained from the modification of the Debye Hückel equation proposed by Davies 28 
where I is buffer ionic strength (I = 0.5ΣCizi 2 ), z is the valence of the ion, and r is the effective hydrated diameter of the ion: 5 Å was assumed as the mean value in this work. The most commonly quoted expression for the electrophoretic mobility is the Hückel equation:
where Z is the charge on the molecule, e is the charge of an electron, η is the viscosity of the solution, and rs is the Stokes' radius obtained by regarding the molecule as a sphere. (rs = (3V/4π) 1/3 , where V is the van der Waals volume of the molecule). For a spherical particle, a relation between radius and mass exists as follows:
where ρ is the atomic density, and m is the mass of the particle. From Eqs. (14) and (15), we get (16) and
A number of expressions have been developed for the electrophoretic mobility that depends on the molecular mass to a power other than -1/3 suggested by the Hückel equation. By way of simplification, the mobility can be expressed as a universal equation:
where q is the effective charge, M is the molecular mass, and A is an empirical constant. The exponent x correlates to the molecular shape, which can change from 1/3 to 2/3. [28] [29] [30] In fact, hydration is expected to alter the size and shape of an ion, especially small ions. The van der Waals volume used in Eq. (15) do not incorporate hydration. In this work, the waters of hydration associated with specific functional groups and molecular fragments are summed up to give the total hydrated waters for a molecule. If the effect of hydration is incorporated to Eq. (18), the denominator M (molecular weight) in Eq. (18) is substituted by M′ (defined as adjusted molecular weight).
For a binary base:
For a monobase:
where H1, H2 and H0 are the mean hydrated waters of BH + , BH2 2+ and B, respectively, which are calculated using McGowan's increments. 29 Combining Eqs. (1) and (18), one can obtain the following expression:
It can be seen that the reciprocal of the migration time is approximately proportional to q/M′ x . The exponent, x, is related to the molecular shape.
Experimental

Instrumentation and conditions
All CE experiments were performed on a Beckman P/ACE MDQ Capillary Electrophoresis System (Beckman Coulter, USA) equipped with an autosampler and a photodiode array detector. An untreated fused-silica capillary of 49.6 cm × 50 µm i.d., 39.2 cm from inlet to the detector (Yongnian Optic Fibre Factory, Yongnian, China) was used throughout the experiments. Samples were injected hydrodynamically under 0.5 p.s.i. for 4 s (1 p.s.i. = 6894.76 Pa) and electrophoretic separation was performed at 12 kV. The detection wavelength was set at 254 nm. Temperature of the capillary tube during electrophoresis was maintained at 25˚C by a liquid coolant in the capillary cartridge. The buffer pH was measured with an Orion 868802 pH meter equipped with a Ross electrode (Orion, USA). The mathematical computer program Origin 6.0 (OriginLab Corporation, USA) was used for fitting the experimental dependencies and for graphical depiction of the results.
Chemicals
Strychnine, brucine, icajine, novacine and vomicine were isolated from Strychnos nux-vomica L. by preparative chromatography and identified by IR, UV, NMR and MS in our laboratory. Sodium dihydrogen phosphate, disodium hydrogen phosphate and sodium chloride (analytical grade) were obtained from Lianbang Reagent Plant (Shengyang, China). All other
reagents used in the experiment were of analytical grade. Dimethylsulfoxide (HPLC grade) was supplied by Yucheng Chemical Industry Factory (Shandong, China). The water used for all solutions was purified with a Milli-Q system (Millipore Corp., USA).
Preparation of electrolyte and sample solutions
The electrolyte solutions were prepared by mixing three stock solutions (50 mmol L -1 sodium dihydrogenphosphate, 50 mol L -1 disodium hydrogenphosphate and 1.5 mol L -1 sodium chloride) and diluting to an ionic strength of 0.17 mol L -1 . Buffer systems covering the pH range between 5.8 and 9.4 were selected and the pH used for calculation was the finally measured value. The pH meter was calibrated with standard buffers at the pH values of 4.00, 6.86, and 9.18. A standard solution of the five alkaloids was prepared at a concentration of about 40 µg ml -1 in pH 7.4 running buffer, and 1% dimethylsulfoxide was added as the electroosmotic flow (EOF) marker. The pH values of the buffer were adjusted by adding the required amount of sodium hydroxide or hydrochloric acid. All solutions were filtered through a 0.45 µm filter membrane and degassed by ultrasonication prior to use.
Results and Discussion
Determination of dissociation constants
The reproducibility of migration time in the experiment was 1305 ANALYTICAL SCIENCES NOVEMBER 2005, VOL. 21 determined by repeated injection (n = 6) of a solution containing five Strychnos alkaloids using pH 7.22 running buffer. The relative standard deviations (RSDs) of migration times of five Strychnos alkaloids were 0.21% for strychnine, 0.24% for brucine, 0.45% for icajine, 0.50% for novacine and 0.53% for vomicine, respectively. The high reproducibility of migration time assured accurate determination of the dissociation constants. All the effective mobilities of the investigated alkaloids were positive, which were the mean values obtained from triplicate injections of the solutes in order to assure the reliability of the data. Their effective mobilities calculated according to Eq. (1) at different buffer pH values are listed in Table 1 . Figure 2a shows the results of four-parameter nonlinear regression based on Eq. (9) for the binary base: strychnine and brucine. Figure 2b shows the results of twoparameter nonlinear regression based on Eq. (10) for the monobase: icajine, novacine, and vomicine. Figure 3 shows the result from linear regression based on Eq. (11) for icajine. The dissociation constants of icajine, novacine and vomicine (see Table 2 ), calculated by both methods, are approximately equal, which illustrates that both linear and nonlinear regression can be applied to calculate the dissociation constant for monobase. The deviation between the two regression models may be due to the sparseness of the data points around the dissociation constant. Good results can only be obtained from linear regression when appropriate experiment points were chosen. So a nonlinear regression method was preferred in these experiments and the linear regression method was adopted only as a reference. Table 2 summarizes the dissociation constants and absolute mobilities of five Strychnos alkaloids in aqueous solutions determined by CE.
Determination of the exponent, x
The exponent x in Eq. (19) was determined by investigating the linear correlation coefficient between the reciprocal of the migration time and q/M′
x (x in a range: 1/3 -2/3) of the five Strychnos alkaloids at different pH values. From Fig. 4 , it can be seen that the linear correlation coefficients continually 1306 ANALYTICAL SCIENCES NOVEMBER 2005, VOL. 21 15.61 ± 0.32 13.57 ± 0.56 pKa 2 8.38 ± 0. Strychnine Brucine Icajine Novacine Vomicine α α Fig. 4 The plot of the linear correlation coefficient r vs. exponent x in q/M′ x of five alkaloids at different buffer pH values. B, pH 6.4; C, pH 6.6; D, pH 6.8; E, pH 7.0; F, pH 7.22; G, pH 7.4. CE conditions as in Fig. 2. increase at different pH values with an increase in the exponent x. It is found that the best fit, as determined by the largest value of the correlation coefficient, is with q/M′ 0.67 . Figure 5 gives a plot of the reciprocal of migration time vs. q/M′ 0.67 at buffer pH value of 7.0 for the five Strychnos alkaloids. The regression was linear with a correlation coefficient of 0.998.
Prediction of the migration order
In the fixed conditions, L, l and V are constant, while A was assumed unchangeable for molecules of similar structure in the same run. So, the reciprocal of the migration time and q/M′ 0.67 have linear relationship seen from Eq. (19) . The migration order can be easily determined by the value q/M′ 0.67 . In this work, the electroosmotic flow, as well as the investigated alkaloids, migrated from the anode to cathode. So, the greater the value of q/M′ 0.67 , the faster the analyte elutes. The migration order predicted by using Eq. (19) is as follows: strychnine, brucine, icajine, novacine and vomicine (see Table 3 ). This is consistent with our experimental results in Fig. 6 . Equation (19) can also give a satisfactory explanation for Liu's experimental results. 31 Five matrine-type alkaloids from the plants of the genus Sophora were separated and determined by CZE. Table 4 gives the pKa and molecular weight for these compounds. The q/M′ 0.67 for these six compounds follows the order of sophocarpine, matrine, sophoridine, oxysophocarpine, oxymatrine and berberine. This is indeed the case in Liu's experimental results except for berberine. One reason may be that the molecular structure of berberine is different from that of matrine-type alkaloids, and the quaternary ammonium radical in berberine are fully dissociated under acid conditions, in which A will not be considered as a constant indicated by Zhang and coworkers. 24 In this case, it is inadequate to predict the migration order only by the parameter, q/M′ 0.67 , and the dipole moment also must be considered. 33 
Calculation of teof
The migration time of electroosmotic flow is often measured using a neutral compound. The choice of a proper marker and sometimes excessively long migration time are usually two drawbacks. The method established according to Eq. (19) can overcome the above shortcomings to some extent. From Eq. (19), a straight line can be obtained by regression of 1/tm vs. q/M′ 0.67 , and teof can be obtained from the intercept of the line. The calculated teof from the intercepts of different pH values and the teof determined by using a neutral compound as a marker (dimethyl sulfoxide was used in our experiment) are listed in Table 5 . It can be seen that the teof values from both methods are close especially at high pH values (larger than 6.8) in our experiments. When the pH value was lower (smaller than 6.8), the deviation of the calculated teof and the determined teof became slightly larger. The deviation may come from the approximation of Eq. (19) and experimental errors.
Conclusions
CE was proved to be a suitable micro-analytical technique for the determination of alkaloids from plants despite some problems, such as the presence of impurity, small quantities and poor solubility. approximate expression for a relation between the migration time of alkaloids of similar structure and their molecular weights in CZE.
